INTRODUCTION
During the past decade, there has been evidence of an epidemic increase in the non-alcoholic fatty liver disease (NAFLD), which affects 10%-30% of adults (1-3) and 13% of children (4) in the general population. NAFLD has a strong association with type II diabetes mellitus, obesity, hyperlipidemia, and other diseases of the metabolic syndrome (5) .
The hallmark of NAFLD is fatty infiltration of hepatocytes. Hepatic steatosis is also reflective to the toxicity of drugs such as amiodarone, tamoxifen, and antiretrovirals (6) .
Thus, liver fat quantification has generated considerable interest; it may be of clinical importance to be able to reliably measure liver fat content (FC). Liver biopsy and histological analysis are considered as the diagnostic reference standard. But in human, the biopsy procedure is both invasive and painful, and presents risks for the patients (7, 8) . In addition, the very small liver sample may not be representative of the heterogeneous fat distribution (9) .
The analogous procedure in animals involves killing the animals and directly analyzing liver FC, which is not ideal for longitudinal follow-up studies.
Hydrogen ( 1 H) magnetic resonance (MR) imaging offers several non-invasive methods to
obtain separate fat and water images for the liver FC quantification. In 1984, the Dixon technique for water and fat imaging was described (10) . The authors presented two imaging sequences, one of them was a conventional spin echo imaging with water and fat signals in-phase, and the second one had the readout gradient slightly shifted to create 180° out-of-phase of the water and fat signals. Over the last decade, the Dixon technique has been improved extensively in the aspects of phase errors, noise and artifacts. Triple-echo and multiecho in-and out-of-phase MR imaging were proposed, which allow correction for T2 6
MATERIALS AND METHODS

Animals
All animal experiments were approved by the institutional Committee on Animal 
Fat/ Water Phantoms
According to Poon et al. (25) , phantoms were made by mixing known amounts of water (doped with 0.2 mM MnCl 2 ) and vegetable oil (extra virgin olive oil, Olivoila, Italy).
Percentages of oil by volume ranged from 0 to 100 % in steps of 10 %. To improve the stability of the mixture, 2 % of Tween 80 (polyoxyethylene sorbitan monooleate) by volume of oil was added. The mixture was blended homogeneously using an ultrasonic homogenizer (KQ-400KQE, Kunshan Ultrasonic Equipment CO, LTD, Kunshan, China). Plastic tubes, of 15 mm in diameter, containing the suspensions were placed longitudinally into the magnet.
Phantoms were scanned and analyzed with the same experimental protocol as that in vivo.
MR Imaging and 1 H MRS Protocol
For in vivo MR acquisition, anesthesia was induced by inhalation of a mixture of oxygen and 5% isoflurane and maintained by a mixture of oxygen containing 0.5 % to 1 % isoflurane.
All MR experiments were carried out using a 7T small animal magnetic resonance system (Bruker PharmaScan, Ettlingen, Germany) that is interfaced to a Bruker console. The horizontal bore system is equipped with a 15 cm diameter gradient set capable of generating (ROI) was placed over the left lobe of the liver, avoiding intrahepatic blood vessels. Before measurement, the automatic shimming procedure FASTMAP was used to achieve optimal uniformity of the magnetic field across the voxel volume. Water suppression was never used in all spectroscopy sequences during the measurement. The free induction decay signals were Fourier-transformed. The phase and the baseline of the spectra were also corrected with great care using TOPSPIN (Bruker BioSpin MRI GmbH). Spectra were used only if homogeneity after shimming was better than 0.45 ppm, measured as the full width at 50 % peak height.
Spin-spin relaxation times (T2) was determined for nine different peaks (in the range from 0.9 to 5.32 ppm) by fitting the monoexponential model function M TE = M 0 × exp(-TE/T2) to the measured peak integrals at the different TEs, and the correction factors (M 0 /M TE ) for the nine different proton resonances of triacylglycerols and the proton resonance of the water peak were caculated (26) (27) (28) . The degree of FC was calculated using the following formula:
FC MRS = 100 × (integral value of fat peak) / (integral value of fat peak + integral value of water peak) [1] Fast low angle shot imaging of the entire liver were obtained for both in-phase and out-of-phase transverse dual-echoes. Imaging parameters were as follows: 500/1.47 
where SI IP is SI measured on the in-phase; SI OP , SI measured on the out-of-phase image. The in-phase and out-of-phase images were used to study the liver FC.
CSI were also used to study liver FC. Two series of chemical shift selective images, one for fat protons and one for water protons, were derived using rapid acquisition with relaxation enhancement (RARE) sequence. Both series were performed by the 180° refocusing pulse (16, 17) . Both the 90° and the 180° pulses were band-selective Gaussian pulses; however, the 90° pulse was applied when the slice-selection gradient was on, and when the 180° pulse is applied, all gradients were off to refocus only in the selected chemical-shift range. The 180° pulse was a 2.3 ms Gaussian pulse, which excited a 700 Hz bandwidth. This was appropriate to discriminate fat and water peaks which, at 7T, have a separation of about 1000 Hz. All images were acquired using the following parameters: 1000/9.9 ms, flip angle, 180°; section thickness, 1mm; matrix, 256×256; field of view, 3.5×3.5cm; and number of excitations, 4. An ROI was drawn at the same site as the voxel used for 1 H MRS in the left lobe. The SI in the ROI was recorded for both fat selective images (SI fat ) and water selective images (SI water ).
Liver FC was computed as follows:
where R is the ratio of the fat to water proton densities in their pure form: a value R = 0.9 has been used in literature (25) . The water fraction by volume of the sample is thus 1-FC.
Histopathology
Each mouse were perfused transcardially with phosphate-buffered saline, followed by freshly prepared 4 % paraformaldehyde in 0.1 M phosphate buffer (pH 7.4); Parts of liver were fixed, dehydrated, embedded and transversely sectioned into 5 μm pieces for hematoxylin and eosin staining. Other parts of liver were frozen in dry ice and then cryostat sectioned at a thickness of 7 um onto poly-l-lysine slides for lipid deposition analysis by Oil 9
Red O and hematoxylin staining.
All histopathology slides were examined and FC analysis was performed with a semi-automatic vacuole segmentation procedure (HIS-S) developed with the MATLAB software (The MathWorks, Natick, Mass.) as describe by Gaspard et al. (29) . The artificial areas such as blood vessels were manually excluded by a pathologist. The percent fat fraction (FC HIS-S ) was calculated by following formula:
FC HIS-S = the area of fat / the total tissue area [4] 
Liver Lipid (LL) Analysis
Approximately 100 mg of liver (wet weight) was weighed and homogenized in 1 ml of PBS. Lipid was extracted by homogenizing with 2: 1 chloroform-methanol (v/v) and separating into three phase by centrifugation, the upper, lower liquid phases and the middle of solid phase. The upper phase was removed as much as possible by siphoning and extracted once more. The lower phase was reserved and dried. Lipid was dissolved in 100ul 3% Triton X-100. The determination of triglyceride was carried out using enzymatic methods as described by Folch et al. (30) .
Statistical Analysis
All statistical analyses were performed using SPSS software (SPSS for Windows, version 
RESULTS
Quantitation in Fat/ Water Phantoms
Three MR-based methods of quantitative FC evaluation have been tested in fat/water phantoms ( Fig. 1, 2) . Results for fat and water quantitation are shown in (Fig. 3) .
In vivo MR imaging and 1 H MRS of mice
The liver FCs measured by all three MR methods (Fig. 4, 6 ), HIS-S (Fig. 5 ) and LL analysis (Fig. 6 ) are listed in assumes that the signal difference between IP and OP echoes is due to fat-water signal interference only. With OP-then-IP sequential acquisition, the confounding T 2 * effect is known to cause fat fraction underestimation (33) (34) (35) , which is also shown in this study. CSI includes two series, selective fat-protons imaging and selective water-protons imaging. Our CSI method was derived partly from the method described by Sbandrea et al. (16), who evaluated the accuracy of CSI on brown adipose tissue in rats using a 4.7T MR scanner. In phantoms, we proved using a 7T MR system that CSI was accurate in lipid quantification when FC was lower than 50 %, and approximately 9 % underestimation of fat occurred from 50 % to 100 % of FC. Since centers of excitation frequency are methylene and water proton, the degree of FC underestimation increased in higher FC. Liver FC usually is lower than 50 %, CSI is thus able to not only accurately measure the FC, but also evaluate its distribution.
Besides liver histological and chemical analysis, as current standard for diagnosis and grading of hepatic FC, 1 H MRS also allows non-invasive studies in the molecular composition of tissues in vivo. 1 H MRS recorded from liver tissue usually shows two dominant signal portions, namely the water signal (positioned at 4.7 ppm) and the signal from methylene protons of fatty acids (positioned at 1.3 ppm). In 1 H MRS, peak area is proportional to concentration of the metabolite containing the relevant nuclei which is also influenced by T 1 and T 2 relaxation times (36) . To minimize T 1 effects, one sequence with a long repetition time (10 s) and one sequence with 1.8 s of repetition time were used by Strobel et al (26) . A correction factor was also used on the difference of the two spectra. In order to correct T 2 relaxation, a sequence with a series of different echo times was used to calculate the spin-spin relaxation time (T 2 ). We also used a series of different echo time to correct the spectral data. In phantom experiments, we proved that there was more accurate that quantifying FC with MRS method than with CSI when FC was in range of 50% to 100%. 
